Introduction {#s1}
============

The reduction of substrates by nitrogenase entails multiple cycles of association and dissociation between two component proteins for sequential transfer of electrons ([@bib4]; [@bib12]; [@bib10]; [@bib9]). In the transient complex, electrons are transferred from the \[4Fe:4S\]-cluster of the homodimeric Fe-protein to the MoFe-protein in a reaction requiring adenosine triphosphate (ATP) hydrolysis ([@bib4]; [@bib11]). The MoFe-protein, an (αβ)~2~ tetramer, contains two types of unique metal centers per catalytic αβ-unit: the P-cluster \[8Fe:7S\] and the FeMo-cofactor \[7Fe:9S:C:Mo\]-*R*-homocitrate ([@bib14]; [@bib7]; [@bib22]). The P-cluster is the initial electron acceptor with subsequent transfer to the FeMo-cofactor, one of the most elaborate metalloclusters found in nature and the catalytic center of biological nitrogen reduction.

For substrates and inhibitors to bind, the FeMo-cofactor resting state must be reduced by two to four electrons provided by the Fe-protein ([@bib4]; [@bib25]). The characterization of bound species including reaction intermediates has proven to be experimentally challenging due to the transitory nature of these states, inevitably leading to a recovery of the FeMo-cofactor resting state. While a number of studies have investigated substrate and inhibitor interactions ([@bib15]; [@bib8]; [@bib19]; [@bib21]; [@bib6]), only the recent crystal structure of *Azotobacter vinelandii* MoFe-protein (Av1) with the inhibitor CO (Av1-CO) has provided high resolution details of a bound ligand ([@bib23]). In addition, the high symmetry and complex electronic structure of the FeMo-cofactor complicate spectroscopic studies ([@bib24]). Thus, an atomically explicit description of the catalytic mechanism remains obscure.

In this study, we have undertaken an alternative approach to follow events during catalysis by site-specifically introducing a reporter in the FeMo-cofactor ([Figure 1A, B, C](#fig1){ref-type="fig"}). Because the S2B position of the active site can be reversibly replaced with CO ([@bib23]), it represents a potential site for other substitutions by substrates and inhibitors. Se, a structural surrogate for S in \[Fe:S\] clusters ([@bib18]; [@bib29]), has crystallographic and spectroscopic properties that make it an excellent probe, hence, potential Se containing compounds were investigated. Based upon the previous recognition, that thiocyanate (SCN^-^) is both a substrate and an inhibitor of nitrogenase ([@bib20]), we evaluated the kinetic properties of selenocyanate (SeCN^-^). We found SeCN^-^ (pK~a~ \< 1 \[[@bib3]\]) to be a poor substrate as measured by methane production ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}), a product also observed in thiocyanate ([@bib20]) and cyanide ([@bib17]) reduction. In addition, SeCN^-^ is a potent, yet reversible inhibitor of acetylene reduction with an inhibition constant 30 times lower than observed for SCN^-^ (K~i~ (SeCN^-^) = 410 ± 30 μM *versus* K~i~ (SCN^-^) = 12.7 ± 1.2 mM ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). In contrast to inhibition of acetylene reduction, proton reduction activity is retained, although at a decreased level ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}).10.7554/eLife.11620.003Figure 1.Selective Se-incorporation into the active site of the MoFe-protein.(**A**) Side view of FeMoSe-cofactor (\[7Fe:8S:1Se:Mo:C\]-*R*-homocitrate) in Av1-Se2B at a resolution of 1.60 Å, highlighting the S2B replacement by Se. (**B**) View along the Fe1-C-Mo axis. The electron density (2F~o~-F~c~) map is contoured at 5.0 σ and represented as grey mesh. The 2F~o~-F~c~ density at the Se2B site is significantly increased compared to the S5A and S3A sites. (**C**) Same orientation as B) superimposed with the anomalous difference Fourier map calculated at 12,662 eV (green) at a resolution of 1.60 Å contoured at 5.0 σ showing the presence of anomalous electron density arising from Se. Fe atoms are shown in orange, S in yellow, Se in green, Mo in turquoise, C in grey, and O in red. (**D**) Acetylene reduction activity of Av1 (black) compared to Av-Se (red). (**E**) Ammonia formation from reduction of the natural substrate, N~2~, was determined for Av1 (black) and Av1-Se (red). Error bars represent standard deviations from three measurements.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.003](10.7554/eLife.11620.003)10.7554/eLife.11620.004Figure 1---source data 1.Numerical data for the graphs depicted in [Figure 1D and 1E](#fig1){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.004](10.7554/eLife.11620.004)10.7554/eLife.11620.005Figure 1---source data 2.Numerical data for the graphs depicted in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.005](10.7554/eLife.11620.005)10.7554/eLife.11620.006Figure 1---source data 3.Numerical data for the graphs depicted in [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.006](10.7554/eLife.11620.006)10.7554/eLife.11620.007Figure 1---source data 4.Numerical data for the graphs depicted in [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.007](10.7554/eLife.11620.007)10.7554/eLife.11620.008Figure 1---figure supplement 1.CH~4~ production based on KSeCN and KSCN as substrates.Methane production was determined based on 0.05, 0.1, 0.2, 0.5, 1, 2, 5 mM KSCN (red) or KSeCN (black) as substrates. Maximum CH~4~ production from KSeCN was obtained at a concentration of 1 mM, whereas CH~4~ production from KSCN does not reach maximum within the tested range. Error bars represent standard deviations from three measurements.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.008](10.7554/eLife.11620.008)10.7554/eLife.11620.009Figure 1---figure supplement 2.Inhibition of acetylene reduction by KSeCN and KSCN.Inhibitory properties of KSeCN and KSCN were determined using a modified acetylene reduction assay. Concentrations for substrate (C~2~H~2~) were below saturation and concentrations for inhibitors (KSCN, KSeCN) were at low inhibition to allow for analysis. Dixon plots were prepared by plotting 1/v versus inhibitor concentration. K~i~ was determined from the intersection point derived from unrestrained linear fits of data points. (**A**) Dixon plot for KSCN, showing a K~i~ of 12.7 ± 1.2 mM KSCN. Concentrations of C~2~H~2~ were varied as follows: 20 (grey), 30 (red), 40 (blue), 60 (magenta), 100 (green), 500 (teal) μL per 9 mL total headspace volume. Concentrations of KSCN were: 0, 1, 2, 3, 4 mM. (**B**) Dixon plot for KSeCN, showing a K~i~ of 410 ± 30 uM KSeCN. Concentrations of C~2~H~2~ were varied as follows: 20 (grey), 30 (red), 40 (blue), 60 (magenta), 100 (green), 500 (teal) μL per 9 mL total headspace volume. Concentrations of KSeCN were: 0, 50, 100, 200, 500 μM. (**C**) Acetylene reduction activity in the presence of KSeCN (black) or KSCN (red) at varied concentrations: 50 μM, 75 μM, 100 μM, 500 μM, 1 mM, 5 mM, 10 mM, 15 mM and 20 mM. Error bars represent standard deviations from three measurements.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.009](10.7554/eLife.11620.009)10.7554/eLife.11620.010Figure 1---figure supplement 3.Influence of KSeCN and KSCN on proton reduction.Proton reduction activity as a function of KSeCN (black) or KSCN (red) concentrations (0, 0.5, 1, 5, 10 mM). H~2~ production in the presence of 10 mM KSeCN is approximately 65% when compared to 10 mM KSCN, and approximately 38% in comparison to the KSCN/KSeCN free reduction activity. Error bars represent standard deviations from three measurements.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.010](10.7554/eLife.11620.010)

By screening a range of experimental parameters, we found that Se from SeCN^-^ could be incorporated into the FeMo-cofactor by incubating nitrogenase under assay (turnover) conditions with concentrations of SeCN^-^ sufficient to inhibit acetylene reduction. The 1.60 Å resolution crystal structure of Av1 (Av1-Se2B), isolated from assays containing SeCN^-^ ([Figure 1A, B, C](#fig1){ref-type="fig"}), revealed that Se quantitatively replaced belt-S position S2B in the FeMo-cofactor thereby generating the \[7Fe:8S:[1Se]{.ul}:Mo:C\]-*R-*homocitrate cluster (FeMoSe-cofactor) form of the MoFe-protein. The essentially exclusive substitution of S2B by Se was validated by anomalous difference Fourier maps calculated from data measured at the Se-K edge f''-peak position of 12,662 eV ([Figure 1C](#fig1){ref-type="fig"}). At this resolution, no perturbation of the cofactor structure or its environment was detected, reflecting the small increase (3.8%) in the ionic radius of Se relative to S ([@bib29]). Except for a low occupancy site (ranging from 0--20% under different conditions) adjacent to the previously identified potential sulfur-binding site (located \~22 Å away from the FeMo-cofactor at the interface of the α and β subunits \[[@bib23]\]), no other Se sites were identified in the anomalous difference Fourier map.

Significantly, Av1-Se2B retains acetylene and dinitrogen reduction activity when compared to native Av1 ([Figure 1D,E](#fig1){ref-type="fig"}), with the difference that the activity time course for Av1-Se2B with acetylene and dinitrogen exhibits a longer initial lag phase than for native Av1 ([Figure 1D](#fig1){ref-type="fig"} inset, E). Consequently, the ability to prepare site-specifically labeled FeMoSe-cofactor provided the starting point for a structural investigation of the active site during substrate (acetylene) turnover.

To trace the inserted Se-label, we developed a method to terminate the acetylene-turnover reaction at defined time points by freeze quenching (fq) followed by sample workup for crystallographic investigation. Crystal structures of the enzyme were determined at seven time points after initiation of substrate turnover corresponding to 2 to 5360 acetylene reduced per active site. These structures (designated Av1-Se-fq-2 to Av1-Se-fq-5360), at resolutions of 1.32--1.66 Å, represent the first example of time-dependent structural snapshots of the nitrogenase active site during turnover ([Figure 2A, B](#fig2){ref-type="fig"}). (Note: Av1-Se2B refers to the selectively labeled active site, while Av1-Se refers to Se substituted Av1, where the site of Se in the FeMo-cofactor is not specified).10.7554/eLife.11620.011Figure 2.Se-migration in the active site during substrate reduction.Se incorporation into all belt-S positions based on Av1-Se2B (FeMoSe-cofactor). (**A**) Se-occupancy in the active site as a function of numbers of acetylene reduced per cofactor. Se-occupancy of site x2B-position is shown in dark-grey, x5A in blue, and x3A in red. Sum of (x2B, x5A, x3A) is shown in light grey. (**B**) Structural models of Se-incorporated FeMo-cofactor during turnover. 1) FeMoSe-cofactor resting state in Av1-Se2B. 2--8) Cofactor structures obtained at seven time points according to numbers of acetylene reduced per active site: 2, 46, 341, 921, 1785, 2141 and 5361. Crystal structure resolutions in the order 1--8: 1.60, 1.50, 1.45, 1.32, 1.64, 1.66, 1.65 and 1.48 Å, respectively. Anomalous difference Fourier maps (calculated at 12,662 eV) allowing for the quantification of Se are shown as green mesh, and are contoured at 5.0 σ. Color scheme is according to [Figure 1](#fig1){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.011](10.7554/eLife.11620.011)

The time course series of crystallographic data demonstrates a correlation between enzyme catalysis and the migration of Se from its initial Se2B site into the two remaining belt sulfur positions (S5A and S3A). Consequently all belt-S atoms of FeMo-cofactor, separated by 5.7 Å in the resting state, can interchange during substrate (acetylene) reduction ([Figure 2](#fig2){ref-type="fig"}, [Supplementary file 1A](#SD5-data){ref-type="supplementary-material"}). The Se migration from S2B favors S5A over S3A at the earliest time points ([Figure 2](#fig2){ref-type="fig"}, [Supplementary file 1A](#SD5-data){ref-type="supplementary-material"}), but whether this reflects an ordered sequence or a more complex mechanism cannot be established from these data. Remarkably, with a sufficient number of catalytic turnovers (several thousand, [Figure 2A](#fig2){ref-type="fig"}), the total Se is lost and apparently replaced by S, leading to a recovery of the original FeMo-cofactor ([Figure 2B](#fig2){ref-type="fig"}). Neither the source of this S, nor the pathway(s) by which Se exits the MoFe-protein, have been identified. The observation that Se2B can migrate to S5A and S3A and is ultimately chased from the cofactor, clearly implies that all three belt-positions are labilized during the reduction of acetylene. In contrast, little or no migration of Se2B was observed during proton reduction.

Our previous study of CO inhibited Av1 found replacement of S2B by CO ([@bib23]). The CO inhibition of Av1-Se2B during catalytic turnover has the potential to evaluate both the reactivity at the Se2B site and the location of the displaced chalcogen. The Av1-Se-CO structure at a resolution of 1.53 Å revealed that Se2B was ca. 90% replaced by a bridging CO with a geometry nearly identical to that observed for Av1-CO ([Figure 3](#fig3){ref-type="fig"}) ([@bib23]). Unexpectedly, Se was not expelled from the FeMo-cofactor but migrated to the other two belt positions with ca. 88% overall retention (Se occupancy: 10% (x2B; where x reflects a mixture of S and Se), 35% (x3A) and 44% (x5A)). This result augments our findings from acetylene turnover, namely that the catalytic state of the cofactor capable of interacting with CO is similar to that which reacts with substrates. In contrast to the simple model of CO displacement and loss of S from S2B previously envisioned ([@bib23]), the path of net loss of sulfur from the cofactor is through either one or both of the other belt positions.10.7554/eLife.11620.012Figure 3.Se-migration upon CO-binding to Av1-Se2B.Structure of Av1-Se-CO at a resolution of 1.53 Å, highlighting the Se2B replacement by CO and migration of Se to the remaining belt-S sites. (**A**) View along the Fe1-C-Mo axis of the metal center. The electron density (2F~o~-F~c~) map is contoured at 5.0 σ and represented as grey mesh. The electron density at the CO site is significantly decreased compared to the x5A and x3A sites and in excellent agreement with CO when residual Se-density is subtracted. (**B**) Same orientation as A) superimposed with the anomalous difference Fourier map calculated at 12,662 eV (green) at a resolution of 1.53 Å contoured at 5.0 σ showing the presence of anomalous electron density arising from Se. Numbers in parentheses indicate the fractional occupancies of the specified groups.**DOI:** [http://dx.doi.org/10.7554/eLife.11620.012](10.7554/eLife.11620.012)

The incorporation and migration of the site-specific reporter, Se, demonstrates unanticipated dynamics of cofactor elements, specifically that the belt sulfur atoms, S2B, S5A, and S3A, can interchange and exchange with exogenous ligands under turnover conditions. The lability of the S2B position towards ligand exchange in non-resting states of the FeMo-cofactor highlights the likely role for the Fe2-Fe6 edge as a primary interaction site for substrates and inhibitors. Both CO ([@bib23]) and Se from SeCN^-^, with different chemical properties, are incorporated at this site. Significantly, the side-chain residues flanking this position were previously identified to be catalytically important as demonstrated by mutagenesis studies ([@bib2]).

The lack of substrate or inhibitor binding to the FeMo-cofactor resting state could be the result of the sulfurs serving as protecting groups that shield the iron core ([@bib12]). The displacement of belt S in the catalytically active reduced states would effectively de-protect these Fe sites, thereby activating them for reaction with substrates. The interchange of all belt-S atoms is suggestive that substrates may also migrate to different sites of the trigonal six-iron prism during catalysis. While the underlying mechanism(s) are not known, one can speculate this may involve a twist-type mechanism interconverting trigonal prism and octahedral forms of the six-iron core, where swapping Fe-S bonding partners in the latter would result in interchange of the belt-S.

Our results indicate that the resting state structure of FeMo-cofactor does not capture key features of the catalytic state, and a detailed understanding of how nitrogenase reduces dinitrogen must include the role of cofactor rearrangements during turnover. Furthermore, the incorporation of selenium into FeMo-cofactor opens a novel route to probe the substrate reduction mechanism of nitrogenase by using its unique crystallographic and spectroscopic properties.

Methods {#s2}
=======

Cell growth and protein purification {#s2-1}
------------------------------------

Cell growth and protein purification were carried out as previously described ([@bib22]; [@bib23]). The specific activity of Av1 was 2350 ± 100 nmol min^-1^ mg^-1^and of Av2 was 2060 ± 55 nmol min^-1^ mg^-1^ when measured by acetylene reduction at saturation of each component. Protein concentrations were determined by absorbance at 410 nm using extinction coefficients of 76 mM^-1^ cm^-1^ for Av1 and 9.4 mM^-1^ cm^-1^ for Av2.

Acetylene reduction assay {#s2-2}
-------------------------

Nitrogenase activity was determined by monitoring acetylene and ethylene in the headspace (9 mL) of reaction mixtures (1 mL) that consisted of 20 mM creatine phosphate, 5 mM ATP, 5 mM MgCl~2~, 25 units/mL phosphocreatine kinase, and 25 mM Na~2~S~2~O~4~, in 50 mM Tris/Cl (pH 7.5) buffer ([@bib28]; [@bib27]). All reaction mixtures were made anaerobic (Schlenk line technique) and kept under an Ar-atmosphere. 1 mL of the headspace was replaced by 1 mL acetylene, followed by incubation for 5 min at 30°C. The reaction was initiated by addition of the nitrogenase component proteins (Av2:Av1 = 4:1, active site ratio = 2:1, 0.125 mg Av1/0.135 mg Av2 per assay) and terminated at specific time points by the addition of 1 mL 3 M citric acid. Ethylene and acetylene in the assay headspace were measured by gas chromatography (activated alumina 60/80 mesh column, flame ionization detector). Calibration curves were constructed using defined amounts of acetylene in the headspace of protein-free assay mixtures.

N~2~ reduction assay {#s2-3}
--------------------

N~2~ reduction was monitored by determining ammonia formation, based on a modification of the previously described fluorescence method ([@bib1]; [@bib5]). The 1.0 mL assay contained 20 mM creatine phosphate, 5 mM ATP, 5 mM MgCl~2~, 25 units/mL phosphocreatine kinase, and 25 mM Na~2~S~2~O~4~, in MOPS buffer (pH=7.5). The headspace (9 mL) of the assay vial was flushed with N~2~ before incubation for 5 min at 30°C. Reactions were initiated by addition of the nitrogenase component proteins (Av2:Av1 = 4:1, active site ratio = 2:1), and terminated at specific time points by the addition of 300 μL 0.5 M EDTA (pH=8.0). The liquid chromatography step in the previously described method was replaced by filtering the assay mixture (Amicon Ultra 3kDa centrifugal filter) and collecting the filtrate, subsequently used for fluorescence measurement using a Flexstation 3 plate reader (λ~excitation~ = 410 nm, λ~emission~ = 472 nm).

Proton reduction assay {#s2-4}
----------------------

Dihydrogen from proton reduction was measured by gas chromatography (molecular sieve 5A-80/100 column) equipped with a thermal-conductivity detector. The assay was identical to the acetylene reduction assay with the acetylene omitted. Ar was used as the reference/carrier gas. Calibration curves were prepared using 10% H~2~ (balance Ar) as a standard.

CH~4~ production based on KSeCN and KSCN {#s2-5}
----------------------------------------

Methane, one product of the KSeCN and KSCN reduction, was determined by gas chromatography in the headspace of the assay as described above for the acetylene reduction assay. The assay mixture was identical to the acetylene reduction assay except that the acetylene was omitted and KSeCN or KSCN (0.05, 0.1, 0.2, 0.5, 1, 2, 5 mM) were added. Calibration curves were determined with pure methane gas.

Se2B-labeling of Av1 {#s2-6}
--------------------

Av1-Se2B was prepared based on the above described proton reduction activity assay protocol in the presence of 25 mM KSeCN, providing conditions commensurate with full inhibition of acetylene to ethylene reduction. Av1-Se2B was isolated from the assay mixtures by ultrafiltration using a 100 kDa cut-off membrane and washed two times (dilution ratio of 1:100 each) with 200 mM NaCl, 50 mM Tris/Cl buffer pH = 7.5 containing 5 mM Na~2~S~2~O~4~ to remove excess KSeCN. The protein was further purified by size-exclusion chromatography (Superdex-200, 450 mL, 50 mM Tris/Cl buffer pH = 7.5 containing 5 mM Na~2~S~2~O~4~). The final protein concentration was adjusted to 30 mg/mL. Significantly, incorporation of Se required full nitrogenase turnover as SeCN^-^ incubation with Av1 alone was ineffective; likewise, the non-substrate Na~2~Se failed to serve as a Se donor even when incubated under turnover conditions.

Freeze quench sample preparation {#s2-7}
--------------------------------

Av1-Se freeze quenched samples were obtained by applying the above described acetylene reduction activity assays, with the replacement of wild-type Av1 with Av1-Se2B. Additionally, an alteration of the protein concentration per assay as well as a variation of the active site ratio of Av2:Av1 = 1:2 to 4:1 was required to either slow down acetylene reduction for the isolation of samples corresponding to low numbers of turnover, or to allow for the isolation of high turnover samples and to ensure non-limiting assay conditions. Termination of protein activity at distinct time points was achieved by rapid freezing the activity assay mixtures in liquid nitrogen, simultaneously measured by the formation of ethylene from acetylene. Time points and corresponding numbers of turnover per active site (\#) at given Av2:Av1 active site ratios for the prepared samples were: \#2 (t = 0.05 min, Av2:Av1 = 1:2), \#46 (t = 0.5 min, Av2:Av1 = 1:1), \#341 (t = 2 min, Av2:Av1 = 1:1), \#921 (t = 5 min, Av2:Av1 = 1:1), \#1785 (t = 10 min, Av2:Av1 = 1:1), \#2141 (t = 40 min, Av2:Av1 = 1:1) and \#5361 (t = 80 min, Av2:Av1 = 4:1). The samples were subsequently processed at 3^o^C. Av1 was isolated by ultrafiltration using 100 kDa cut-off membranes and twice was washed with 200 mM NaCl, 50 mM Tris/Cl pH = 7.5, 5 mM Na~2~S~2~O~4~ buffer to remove other assay components. The final protein concentration was adjusted to 30 mg/mL and 21°C for crystallization.

Av1-Se-CO sample preparation {#s2-8}
----------------------------

For the preparation of Av1-Se-CO, CO-inhibited activity assays were prepared as described earlier ([@bib23]) with the substitution of Av1-Se2B for Av1 in the absence of acetylene. The inhibited activity assays were concentrated using an Amicon ultrafiltration cell with a 100 kDa cut-off membrane under 15 psi CO overpressure. The protein was concentrated to 30 mg/mL and subsequently crystallized in solutions saturated with CO ([@bib23]).

Crystallization and data collection {#s2-9}
-----------------------------------

Av1-Se2B and all Av1-Se freeze-quenched samples were crystallized based on the sitting drop vapor diffusion method at 21°C in an anaerobic chamber containing a 95% Ar / 5% H~2~ atmosphere. The reservoir solution contained 24--28% PEG 8000 (v/v), 0.75--0.85 M NaCl, 0.1 M imidazole/malate (pH 7.5), 1% glycerol (v/v), 0.5% 2,2,2-trifluoroethanol (v/v) and 2.5 mM Na~2~S~2~O~4~. Additionally, a seeding strategy was applied to accelerate the crystallization process and to optimize crystal shape. The cystals of the respective proteins (Av1-Se2B, Av1-Se-fq-2, Av1-Se-fq-46, Av1-Se-fq-341, Av1-Se-fq-921, Av1-Se-fq-1785, Av1-Se-fq-2141, Av1-Se-fq-5361 and Av1-Se-CO) were obtained between 6 and 24 hr after setting up the crystallization experiment. Cryo-protection was achieved by transferring crystals into a 5 uL drop of reservoir solution containing 8--12% MPD (v/v). Diffraction data were collected at 12,662 eV (0.97918 Å, experimentally determined f'' peak position of the Se-K edge) at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 12--2 equipped with a Dectris Pilatus 6M detector.

Structure solution and refinement {#s2-10}
---------------------------------

The data were indexed, integrated, and scaled using iMosflm, XDS and Scala ([@bib16]; [@bib13]; [@bib26]). Phase information were obtained by molecular replacement using the 1.0 Å resolution structure (PDB-ID: 3U7Q) as a model. Structural refinement and rebuilding was carried out in REFMAC5 and COOT embedded in CCP4 ([@bib26]). All protein and active site structures were rendered in PYMOL.

Quantification of Se occupancies {#s2-11}
--------------------------------

Anomalous electron density maps were calculated based on the data collected at 12,662 eV using a combination of CAD and FFT embedded in the CCP4 program suite ([@bib26]). Quantification of Se/Fe/S anomalous electron densities at 12,662 eV (f'' (Se) = 3.84 e; f'' (Fe) = 1.50 e; f'' (S) = 0.24 e) based on the refined structural models was performed using a MAPMAN-dependent script, allowing a free choice of radius of integration and B-factor cut-off, as described previously ([@bib7]; [@bib22]; [@bib23]). The quantification of Se-occupancies was carried out by determining relative anomalous densities arising from Se within an integration sphere radius of 1.0 Å at the respective position based on the anomalous difference Fourier maps. This strategy was shown to be the most robust approach for density quantification within the FeMo-cofactor ([@bib22]; [@bib24]). Comparison of the integrated Se-density values to the average anomalous density values for a full occupancy iron atom, taking into account the differences in f" for Fe and Se at 12,662 eV, yielded Se occupancy values. A total of 30 iron atoms (2x7 Fe from the two copies of FeMo-cofactor, and 2x8 Fe from the two copies of P-cluster per Av1 heterotetramer) were used for averaging and yielded the internal reference for anomalous scattering at 12,662 eV. The standard deviation between anomalous density values for the Fe-atoms was ≤ 4%. No adjustments were made for variation in B factors since the Fe and S components of both metalloclusters have similar values (average and standard deviation = 9.3 ± 1 Å^2^ for isotropically refined B-factors in the Av1-Se2B structure). For Fe and S in the FeMo-cofactor, the corresponding B values are 9.0 ± 0.4 Å^2^, with the B for Se2B = 9.9 ± 0.5 Å^2^ and the average B for the entire protein structure = 13.8 Å^2^. Quantification of Se-occupancies was further improved by including the contribution of the residual anomalous density of sulfur, with the anomalous scattering of S being 6.3% that of Se (f''(S)/f''(Se)) at an energy of 12,662 eV. The largest deviation between Se-anomalous densities observed for the two crystallographically independent copies of FeMo-cofactor was found to be \~5%, which provides an estimate of the uncertainty in the occupancy values. The root mean square value of the anomalous electron density map is \~2% of the Se peak value, which sets a lower threshold on the minimum occupancy that can be detected at this site.
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Spatzal T, Perez KA, Howard JB, Rees DC,2014,CO-bound Nitrogenase MoFe-protein from A. vinelandii,<http://www.rcsb.org/pdb/explore/explore.do?structureId=4TKV>,Publicly available at the RCSB Protein Data Bank (Accession no: 4TKV).

10.7554/eLife.11620.022

Decision letter

van der Donk

Wilfred A

Reviewing editor

University of Illinois at Urbana-Champaign

,

United States

eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for submitting your work entitled \"Catalysis-dependent Se incorporation and migration in the nitrogenase active site FeMo-cofactor\" for consideration by *eLife*. Your article has been favorably evaluated by Michael Marletta (Senior editor), Wilfred van der Donk (Reviewing editor), and three reviewers, one of whom, Catherine Drennan, has agreed to share her identity.

The reviewers have discussed the reviews with one another and the Reviewing editor has drafted this decision to help you prepare a revised submission.

Summary:

The MoFe cluster of nitrogenase is one of Nature\'s most impressive and most enigmatic metallocenters, and its reaction mechanism has been notoriously refractory to experimental attempts to capture reaction intermediates. This study shows that the MoFe cluster is far less rigid than generally anticipated. The authors solved a series of structures of the nitrogenase MoFe protein at high resolution and use a creative application of anomalous scattering to demonstrate the migration of sulfur ligands among three sites that bridge the Fe and Mo-Fe ends of the iron-molybdenum cofactor (FeMo-cofactor). The structures show that multiple sulfur positions on the MoFe cluster can exchange with selenium in a turn-over dependent manner, with the Se first entering into the S2B site, the same position that CO was previously shown to occupy. The high resolution data show that Se can rotate around the cluster, occupying different S belt positions, before it is finally displaced by S after multiple turnovers with acetylene. Other substrates do not cause Se migration. For a long time, scientists have investigated the potential positions on the MoFe cluster that represent the binding site(s) for substrates, and this work suggests that the \'resting state\' of the cluster, with its sulfur belt intact, may not be the form of the cluster to which substrates bind. As such, this study should cause the re-examination of all mechanistic proposals for nitrogenase, and complex metalloclusters in general.

Essential revisions:

1\) Based on the partial occupancy of Se in the S2B site, a large number of turnovers was required to chase the Se from the site (between 1000 and 2000). What does this mean in terms of the \"average\" reaction? Is the protecting ligand at S2B displaced by the substrate in every turnover, as the authors hint? If so where does it go? Is the migration of the S2B ligand a rare or common event?

2\) The comment in the fourth paragraph of the Main text about Se occupancy of a \"low occupancy site (ranging from 0-20% under different conditions) adjacent to the previously identified potential sulfur-binding site (SBS)\" needs an explanation and perhaps also a citation. Where is this site?

3\) The paper needs an improved statement of error estimates for the partial occupancies at the Se2B, Se3A and Se5A sites. What were the limits of detection of Se partial occupancy in the anomalous difference maps? Are the 1-2% occupancy values at sites Se3A and Se5A in the \"Av1-Se2B\" sample really different from the 0.3-0.8% values for \"Av1-Se-fq-5361\" ([Supplementary file 1A](#SD5-data){ref-type="supplementary-material"})? The statement that \"density errors were estimated to be 5%\" doesn\'t suffice when density values are not associated with the difference map sigma levels in the figures or with the% occupancies in [Figure 2A](#fig2){ref-type="fig"}.
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Author response

*1) Based on the partial occupancy of Se in the S2B site, a large number of turnovers was required to chase the Se from the site (between 1000 and 2000). What does this mean in terms of the \"average\" reaction? Is the protecting ligand at S2B displaced by the substrate in every turnover, as the authors hint? If so where does it go? Is the migration of the S2B ligand a rare or common event?*

These are critical questions for understanding the mechanistic underpinnings of our observations and we do not know the answers. We are presenting a study detailing our unexpected findings that serve as the basis for future work, but not a final report on all the new directions implied by the results to date. We do not pretend to know the answers to the many intriguing possibilities but are presenting the unexpected observation that provides these new directions.

Although we feel this is too speculative to include in the manuscript, in the spirit of responding to the issues raised by these important questions, we present for the reviewers some musings about the mechanistic implications of this work. Substrate binding (excluding protons) appears to be accompanied by rearrangements of the FeMo-cofactor (these may be reflected in the essentially stoichiometric migration of Se2B to the x3A and x5A belt positions upon a single CO-binding event in the Av1-Se-CO structure). It is important to emphasize that during turnover, we have no evidence that the S2B ligand completely dissociates from the cofactor (as it is in the CO-inhibited structure), but speculate it most likely remains bonded to at least one Fe. At the completion of a catalytic cycle, the FeMo-cofactor returns to the original arrangement with a high probability; however, with a small, but non-zero probability, this hypothetical intermediate can rearrange effectively resulting in net migration of the belt ligands. We have tried to develop kinetic models for the migration based on the data [Figure 2A](#fig2){ref-type="fig"}, but these are not sufficiently accurate to be useful in a quantitatively predictive fashion.

*2) The comment in the fourth paragraph of the Main text about Se occupancy of a \"low occupancy site (ranging from 0-20% under different conditions) adjacent to the previously identified potential sulfur-binding site (SBS)\" needs an explanation and perhaps also a citation. Where is this site?*

We inadvertently omitted the reference to our 2014 CO paper defining the potential SBS, which has now been added, along with a brief description (Main text, fourth paragraph).

*3) The paper needs an improved statement of error estimates for the partial occupancies at the Se2B, Se3A and Se5A sites. What were the limits of detection of Se partial occupancy in the anomalous difference maps? Are the 1-2% occupancy values at sites Se3A and Se5A in the \"Av1-Se2B\" sample really different from the 0.3-0.8% values for \"Av1-Se-fq-5361\" ([Supplementary file 1A](#SD5-data){ref-type="supplementary-material"})? The statement that \"density errors were estimated to be 5%\" doesn\'t suffice when density values are not associated with the difference map sigma levels in the figures or with the% occupancies in [Figure 2A](#fig2){ref-type="fig"}.*

We have added a section to the Methods on "Quantification of Se occupancies" clarifying this analysis. The 5% error is based on the largest deviation between Se-anomalous densities observed between the two crystallographically independent copies of the FeMo- cofactor, and is likely the most realistic estimate of the occupancy errors. The limit of detection (\~2% ) reflects the root mean square density of the anomalous Fourier map relative to the peak height of the fully occupied Se2B site. Occupancies of 0.3-0.8% and 1-2% are not statistically different. We have rounded the occupancies in [Supplementary file 1A](#SD5-data){ref-type="supplementary-material"} to the nearest integer percent.

[^1]: These authors contributed equally to this work.
